Introduction
The performance and survival of plants in natural environments relies on their ability to actively adapt to severely changing light conditions. The photosynthetic machinery attempts to avoid radiation damage in excess light by modulating the efficiency of light harvesting and the delivery of excitation energy to the reaction centers through a number of mechanisms commonly termed as "non-photochemical quenching" (NPQ) (for recent reviews see refs. [1] [2] [3] ). A large amount of evidence has been accumulated that the major light-harvesting complex (LHC II) of Photosystem II (PSII) is one of the active components of NPQ. [4] [5] [6] It is well established that the activation of NPQ depends on the DpH across the thylakoid membrane, [7] [8] [9] the de-epoxidation of the xanthophyll cycle pigments, that is, the conversion of violaxanthin (Vx) to antheraxanthin and zeaxanthin (Zx), [10] and the action of the PsbS protein. [11, 12] Quite generally, it is assumed that carotenoids (Cars) play a direct role in the quenching. However, the exact mechanism(s) by which these factors interplay has remained a long-standing matter of debate and a number of alternative models exist at present, [2, 6] for reviews see refs. [13] [14] [15] . The finding that oligomerization of isolated LHC II by detergent removal in vitro results in a drastic decrease of the fluorescence yield and lifetime [16, 17] has led to the suggestion that a similar quenching mechanism may be responsible for NPQ in vivo, and in particular for the fast qE-quenching phase of NPQ [18, 19] despite the fact that neither PsbS nor Zx is present in these oligomers. Consequently, oligomerized LHC II has been proposed to provide a good in vitro model for elucidating the qE-quenching mechanism in vivo. It has been demonstrated for example, that both in the quenched state in vivo and in oligomerized LHC II the conformation of the carotenoid neoxanthin (Nx) is modified in a similar manner. [20] It has been shown further that qE quenching both in vivo and quenching in oligomerized LHC II in vitro is associated with the appearance of a pronounced far-red (FR) fluorescence component with lifetimes in the order of a few 100 ps. [21, 22] In the LHC II quenching hypothesis non-radiative deactivation of the excitations (NPQ) is assumed to arise due to a conformational change or switch resulting in the formation of quenching centers [23, 24] that might be established either between chlorophylls (Chls) or between Chl and xanthophylls located within individual or adjacent trimeric complexes. Several hypotheses for the nature of these interactions have been raised starting from a simple concentration effect to more specific models addressing particular pigments in LHC II. The model of Pascal et al. [25] for the quenching in LHC II crystals assumes that energy dissipation occurs in a Chl dimer, or excimer, formed by a conformational switch within a LHC II monomer subunit that changes the interaction of Chls with a nearby carotenoid pigment. Based on femtosecond transient absorption (TA) data on LHC II aggregates [20] it has been proposed
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that the quenching is initiated by a conformational change in LHC II which enhances the rate of singlet excitation energy transfer from Chl to lutein 1 (Lut1). In this model, Chl excitedstate quenching occurs by energy transfer to Lut1 with a lifetime of about 200 ps, followed by rapid deactivation (ca. 8 ps) of the S 1 state of Lut1. In other models incorporating the direct role of xanthophylls in the quenching mechanism, the energy is captured by Zx via a singlet-singlet transfer (gearshift model [26, 27] ) or by the formation of a radical pair in a ChlZx heterodimer. [28] The latter mechanism has been proposed to occur primarily in minor LHCs [29, 30] but has been excluded for the major LHC II complex.
We recently showed that in the fluorescence kinetics of isolated LHC II oligomers, energy is trapped rapidly (with lifetime ranging from ca. 5-20 ps) on a new Chl excited state-proposed to be an emissive charge-transfer (CT) state-from which relatively slow deactivation occurs (200-400 ps). [21] The exact mechanism of decay, particularly whether it proceeds directly to the ground state or via further intermediate steps, for example, involving Cars, could not be determined from the fluorescence data. For this reason, we have now studied the ultrafast dynamics in LHC II oligomers by femtosecond transient absorption (TA). We specifically compared LHC II oligomers isolated from the Arabidopsis thaliana mutants npq1 and npq2, [31] which differ in their xanthophyll content, to test for a possible role of Zx in the quenching mechanism. The npq1 LHC II contains no Zx whereas npq2 LHC II has the V1 site occupied by Zx. Our study specifically tests the conformational switch model by Ruban et al. [20] and aims to clarify the possible role of Cars in the quenching of LHC II oligomers. Special attention was paid on obtaining data under annihilation-free conditions. We show that dissipation of Chl* excitation does not directly involve energy transfer to Cars and we discuss the relevance of our findings for the in vivo NPQ process.
Experimental Section
Major LHC II (LHC IIb) trimers were isolated from leaves of the Arabidopsis thaliana mutants npq1 and npq2 by sucrose density gradient centrifugation of thylakoids solubilised with 0.6 % a-dodecylmaltoside. [32] According to the pigment analysis, performed as described in ref. [33] , trimers of npq1 contained 2.5 mol Lut, 0.3 mol Vx, and 1 mol Nx per monomer, but no Zx, and LHC II isolated from the npq2 mutant contained 2.4 mol Lut and 1.2 mol Zx. Aggregates of LHC II were produced by incubating the trimers with 250 mg mL À1 BioBeads SM-2 (Bio-Rad) to remove the detergent. Aggregation was monitored by the decrease of the fluorescence yield and increase of the scattering of the sample and confirmed by the appearance of a 700 nm band in the fluorescence spectra registered at 77 K. [21] Room-temperature femtosecond transient absorption measurements were performed using a setup described earlier. [34] In brief, pulses from a Ti:Sa laser system, regeneratively amplified to about 0.5 mJ, 70-80 fs FWHM at 3 kHz repetition rate were used to generate white light probe pulses and, via an optical parametric oscillator, pump pulses at 680 nm with approximately 10 nm width and 70 fs pulse duration were generated. The pump pulses were attenuated to 7·10 12 -1.4·10 14 photons cm À2 pulse
À1
) and focused to a 130 mm diameter spot. The sample of OD 6-8 per cm at the excitation wavelength was contained in a vertically and horizontally moved cuvette with optical path length of 1 mm. The transient absorption changes were detected at magic angle polarization in two delay time ranges (namely, 13 and 500 fs per point) over 20 ps and 800 ps, respectively, total delay by a spectrograph/fast diode array camera system covering a wavelength range of 125 nm per recording at 0.5 nm resolution.
The TA data were analyzed by the lifetime density method applied in our laboratory [34] using a distribution of up to 100 exponential functions with lifetimes ranging up to 4 ns to fit the data globally in the time and wavelength domain using an inverse Laplace transform together with deconvolution with the excitation pulse. The resulting lifetime density maps (LFD maps) represent the measured kinetics without any prior assumptions of the underlying kinetic scheme. Kinetic compartment modeling was performed (so-called target analysis [35] ) based on the data obtained from the lifetime density analysis. Figure 1 shows the lifetime density maps resulting from femtosecond TA measurements on LHC II oligomers from npq2, registered at four different laser intensities, corresponding to photon densities of about 7·10 12 , 2.5·10 13 , 4.5·10 At all excitation intensities, the lifetimes are substantially distributed. At increasing photon densities the two lifetime distributions are broadened further. Concomitantly with increasing intensity the centers of the lifetime distributions are shifted to shorter lifetimes due to pronounced excited state annihilation. At the highest intensity the bleaching recovery kinetics consists of a quasi-continuum of lifetimes covering the range from < 1 to 500 ps. At the higher intensities also two positive components (rise of bleaching) of very small amplitude become visible-a % 3 ps component in the Chl b or short Chl a range (660 nm) and also a long lifetime exceeding the measured range (> 3 ns) is observed. The broadening of the lifetime distributions at increasing intensity cannot be accounted for by inaccuracies in the data analysis. On the contrary, the lifetimes are expected to be more precisely determined (i.e. narrowing of the distributions) with the higher signal-to-noise ratio achieved at higher laser intensities. [34] The appearance of new and shorter-lived components is clearly linked to singlet-singlet annihilation processes in the sample. It is evident that annihilation tremendously complicates the overall kinetics and hence also hampers or even renders impossible any detailed kinetic modeling. Thus obtaining data free of annihilation is a prerequisite for a meaningful and reliable kinetic modeling. The excitation condition in Figure 1 A is clearly annihilation-free and under the conditions of Figure 1 B the annihilation limit is just reached, that is, annihilation is just starting to set in (see Figure S2 of the Supporting Information).
Results

Absorption Kinetics at Different Excitation Intensities
Figures S1 A-C of the Supporting Information show the original kinetic traces at the highest excitation energy used by us that is, at an intensity slightly below that of Figure 1 B-data can be acquired also in the blue (Car) wavelength range with a very good signal-to-noise ratio without any significant annihilation contribution (see below).
Transient Absorption Spectra under Low Annihilation Conditions
The lifetime density maps obtained at nearly annihilation-free conditions are presented in Figure 2 for LHC II oligomers prepared from npq1 and npq2 LHC II trimers. Transient spectra at several selected times (deconvoluted by the excitation pulse) are also given. The two mutants show virtually the same kinetics, very similar to the one shown in Figure 1 A. The main bleaching at 682 nm decays with lifetimes centered at 4 and 200 ps. Even at annihilation-free conditions (see Figures 1 A and 2 A, B) the lifetimes are not sharply defined but distributed over a relatively wide range, for example, the longer-lived component covers a lifetime interval of about 100-500 ps and the short-lived component is distributed over 2-10 ps. This behavior must be attributed to some intrinsic kinetic heterogeneity. It could either derive from a structural heterogeneity of the oligomers leading to distribution in the strength of the pigment interactions or to some intrinsic heterogeneity in the nature of the quenching process. It is important to note here, however, that there occurs no spectral heter- ogeneity in these distributions, that is, the difference spectra within each of the two distributions are essentially homogeneous.
Examination of the bluewavelength range reveals a rather broad and featureless absorption band that also decays with a lifetime distribution centered at 200 ps, similar to the main bleaching signal in the red spectral range. The signal amplitude in this wavelength range is quite small-less than 2 % of the main bleaching amplitude in the Chl Q y region. The difference spectra in the blue range are reminiscent of the TA spectral shape of excited Chls rather than for Cars, since Cars have relatively narrow ( % 20-30 nm wide) S 1 absorption bands. [34] Interestingly, no significant rise terms (negative amplitude) can be seen in the blue-wavelength range (Figure 2 A, B) . To verify the absence of any rise components we also examined the raw kinetic traces in this wavelength region (see Figure S5 of the Supporting Information). Considering that the pump pulse (680 nm) excites only Chls and not Cars, we can thus qualitatively assign the transient changes in the blue range solely to the decay of Chl excited states.
Kinetic Modeling of the Transient Absorption Data
Global target analysis [35] was performed on the TA data. Ignoring the significant distribution of both lifetimes, the overall TA kinetics under low annihilation conditions is essentially bi-exponential (plus a very small amount of a long-lived ns component; Figure 2 ). There are two principal ways to describe such bi-exponential kinetics: In the simplest possible model the two lifetime components could behave completely independently (i.e. a model of two independently decaying states). Such a simple model does not give reasonable kinetic spectra and is also unlikely for mechanistic reasons because it precludes the formation of a quenching intermediate from the initially excited Chl states. A more reasonable model would be a connected two-state model, that is, the originally excited Chl state(s) (educt state E* in Figure 3 ) would convert into an intermediate state (product state P in Figure 3 ) which would then decay to the ground state. At this level, nothing particular needs to be assumed about the photophysical nature of the intermediate state or the process connecting the two states. In principle, either energy transfer, electron transfer or other processes would be possible a priori. There is one important point however: For formal mathematical reasons the biexponential kinetics resulting from such a model has two different mathematical solutions, both involving two excited states and/or intermediates. Both solutions have the same two lifetimes (i.e. they have identical eigenvalues for their kinetic matrices [35] ) and will thus fit the bi-exponential data set in a mathematical sense equally well. However, only one of these solutions also represents a physically reasonable description of the kinetics. The important difference between the two solutions is in the sequence of the slow and fast steps, that is, they are reversed in the two models. We will thus call these two possible solutions the "fast/slow" and the "slow/fast" models depending on the relative rates of the first and second reaction steps. Despite having the same lifetimes the two models differ pronouncedly in their species-associated absorption difference spectra (SADS). Which one of the two mathematical solutions is the physically reasonable solution thus cannot be determined on the basis of the kinetics or the quality of the fit, but can only be judged based on the resulting SADS. It is thus essential to explicitly test both of these models on the kinetic data and then select the solution that gives the physically reasonable SADS.
Assuming for both models an initially excited state Chl state E* which converts into a product state P the kinetic results in terms of the rate constants and the SADS of the two models are shown in Figures 3 and 4 , respectively, for the fast/slow and the slow/fast models. In the fast/slow model (Figure 3) , a back reaction to the initially excited state was necessary when fitting the data, whereas in the slow/fast model (Figure 4) , the back reaction rate was zero. This difference does not however change the bi-exponential nature of the kinetics of both models: The two mathematical solutions involve: i) a fast reaction step (energy transfer, electron transfer, etc.) from E* to P and a slow decay of P into another, ground or intermediate, state (Figure 3 ) and ii) a slow initial reaction step from E* to P, followed by a fast decay of P (Figure 4 ). To account for the very small (< 5 % amplitude) long-lived component in the TA, an additional component with a lifetime of about 4 ns lifetime has been included in the kinetic Scheme as well. Figure 3 shows the results of fitting the "fast/slow" model to the TA data of npq1 and npq2 oligomers. The two LHCs from the two mutants show remarkably similar SADS. The spectrum Figure 3 . Species-associated absorption difference spectra (SADS) obtained from target analysis of the lifetime density data (shown in Figure 2 ) for oligomers of npq1 (panel A) and npq2 (panel B) using the fast/slow kinetic model represented in panels C and D. The numbers next to the arrows of the kinetic scheme are the rate constants of transfer/decay (in ns À1 ) resulting from the kinetic analysis. The corresponding lifetimes of the kinetic schemes are also provided to the right. The > 4 ns additional component of small amplitude corresponds either to a 3 Chl or a of the first state (E*) can be clearly assigned to Chl groundstate bleaching (GSB). The overall shape of the spectrum in the Q y range of the P state, having also a main bleaching band at 682 nm, indicates that it also corresponds to some type of Chl* state. However, this state shows significantly lower amplitude than the E* state. Moreover, the spectrum is broadened compared to the Chl* (E*) spectrum and the Q y bleaching band features a broad tail extending to the red (see also Figure S7 of the Supporting Information). Since there is no absorption in the long-wavelength range, the negative long-wave signal can only be due to stimulated emission (SE), which is very pronounced in the SADS of the P state. This characterizes P as an excited state in this model. The modeling also shows that no further major product or intermediate state is formed from the P state (except for the very small amount of the long-lived (ns) state formed in a side reaction, see discussion below). In the blue-wavelength range the SADS of state E* is quite typical for a Chl excited state absorption spectrum. [36] The SADS of the P state in this wavelength range is very similar to that of the E state and resembles again the difference spectrum of a Chl excited state. It differs only at the short-wavelength end of the spectrum where this SADS goes negative. Such a signal is observed for example in the difference spectra of Chl cation radical states [36, 37] (such a spectral contribution would indeed make sense since we propose a Chl/Chl CT character for the state P, see below). Clearly none of the two SADS in this model appears to be consistent with a Car state, neither an excited state nor a Car cation radical state.
Fitting the data with the slow/fast model ( Figure 4 ) results in lifetimes which are, as expected, identical to those of the fast/ slow model fit. Note that this slow/fast model corresponds essentially to the kinetic model proposed by Ruban et al. [20] in the absence of annihilation. While the SADS of the initial state (E*) looks similar to the one for the fast/slow model, that is, essentially those of a Chl excited state, the SADS of the P state (assigned to Lut1 S 1 in ref. [20] ) looks very unusual. The most striking feature is the strong positive difference spectrum in the Q y range (around 682 nm). Such a spectral shape can neither be explained with a Chl state nor is it consistent with a Car excited or radical state. This finding gives an initial hint that the "slow/fast" model ( Figure 4 ) may correspond to that solution of the bi-exponential kinetics which is physically not reasonable, although the formal mathematical fit to the data is equally good as for the "fast/slow" model ( Figure 3 ).
Discussion
Herein, the femtosecond transient absorption of in vitro LHC II oligomers was investigated to gain insight into the mechanism of energy dissipation that occurs upon oligomerization of LHC II. This in vitro aggregation of LHC II produces large energetically connected domains in which the excitations can migrate over many complexes. [38] Singlet-singlet annihilation in LHC II aggregates is a well-known phenomenon. [39] [40] [41] [42] Compared to solubilized trimers, annihilation in aggregates occurs at much lower excitation intensities, [42] and in large systems it may take place on various timescales during the entire lifetime of the excited state(s), thus complicating extremely the observed relaxation kinetics. We therefore acquired the TA data under conditions where the probability for singlet-singlet annihilation is negligible. In consequence, the kinetics is simplified to the true intrinsic kinetics. This has the important effect that the number of rate constants required for describing the experimentally observed relaxation dynamics is drastically reduced as compared to high intensity excitation (see ref. [20] ). This reduction in complexity allows us to reliably test relatively simple alternative kinetic models on the data.
Fast/Slow versus Slow/Fast Kinetic Models
The "slow/fast" model results in a large positive-amplitude SADS of the putative quencher state (P) in the Q y range for both LHC II forms (Figure 4) . Such a SADS cannot be produced by any potentially possible combination of Chl and/or Car states. Neither Chl excited states, Chl anions/cations, nor Lut excited states or quite generally Car cations/anions can produce such a signal. In the blue range, the SADS of the P state is negative, quite in contrast to what is expected for a Car S 1 . [34] For comparison, the difference spectra of the Lut S 1 state-both in a solvent and in isolated LHC II monomers-are shown in Figure 4 . Despite the small differences of the S 1 state spectrum in solvent and in intact LHC II, the discrepancy of these Lut S 1 SADS with the actual SADS of the P state in the slow/fast model is obvious. We can also exclude the possibility (Figure 2 ) testing a kinetic model comprising slow transfer to the quencher P (assuming for example, a Car S 1 state [20] ) followed by fast decay of P (slow/fast model). The kinetic model schemes are shown in panels (C) and (D). The numbers next to the arrows of the kinetic schemes are the rate constants of transfer/decay (in ns À1 ) resulting from the kinetic analysis. The corresponding lifetimes of the kinetic scheme are also provided to the right. Orange curves: SADS of the Lut/diethylether S 1 excited state absorption (Lut-DEE) and the Lut S 1 absorption in LHC II monomers (Lut-LHC) for comparison.
of an electron-transfer process between Car and Chl [28] due to the absence of a negative-amplitude Car cation signal in the near-IR range (see Figure S3 C of the Supporting Information); see also ref. [43] for relevant carotenoid cation difference spectra. Our kinetic analysis thus shows that only the "fast/slow" solution to the bi-exponential kinetic model leads to physically reasonable SADS (Figure 3) , despite the fact that the "slow/ fast" model ( Figure 4) formally describes the data equally well.
There exists also a strong qualitative argument against a Car S 1 assignment of P as proposed by Ruban et al. [20] Such a model would require a fast rise term (negative-amplitude term with a lifetime of ca. 4-8 ps) in the Lut S 1 absorption range (520-560 nm). Such a rise term is clearly absent both in the LFD maps and in the original kinetic traces in the blue-wavelength range ( Figure S5 of the Supporting Information). This rise term would be required to have the same absolute amplitude (but opposite sign) as the positive amplitude of the decay term of about 200 ps, which is a direct corollary of the kinetic reaction Scheme (see Supporting Information). Since the positive amplitude of the 200 ps component is easily detected in our data (Figure 2) , it follows that we would also be able to resolve a negative amplitude component of similar absolute amplitude if it were present. Furthermore, the Lut1 S 1 quenching model [20] would also require a Lut S 1 character of the double difference spectrum [DA(30 ps)ÀDA(500 fs)] (see Figure S4 of the Supporting Information). This is also not the case.
The "fast/slow" model solution (Figure 3 ) in contrast results in SADS that are clearly physically meaningful. Both SADS can be interpreted in terms of Chl states both in the red as well as the blue wavelength ranges. Any evidence for the involvement of a carotenoid S 1 state is lacking. In the NIR range for this model again no evidence for the involvement of Car anions or cations is found. This excludes that a Car cation radical mechanism of the type proposed for quenching in minor LHCs [28, 30] is active in LHC II aggregates. The data also show that the mechanism of singlet deactivation induced by oligomerization of LHC II does not require the presence of Zx, as follows from the nearly identical difference spectra and kinetics for the two LHC II forms. This finding is also in agreement with the results of our previous fluorescence studies. [17, 41] The SADS of the initially excited state E* (in both models) are typical of an excitonically coupled Chl excited state similar to those observed in reaction centers or excitonically coupled antenna systems. [36] The product, P, state's spectrum (in the "fast/slow" model) is similar to a Chl* spectrum. However, the bleaching of the P spectrum in the Q y range reaches only about one third of the amplitude of the initially excited state E*. This indicates a correspondingly lower bleaching signal orin this case of a SE -a lower radiative rate from that state. The SADS of the P state shows a broader bleaching spectrum in the Q y range than the E* state and in particular it shows an increased tail of SE at the red end. Despite the dominating similarities in all samples and for all preparation conditions, the relative contribution of that red tail depends to some extent both on the preparation method of the aggregates and on the type of LHC II form. It is more pronounced in aggregates prepared by detergent dilution ( Figure S7 of the Supporting Information) than with Bio-beads ( Figure 3 ) and it is also slightly more pronounced for npq2 LHC II than for npq1. For the same type of aggregate the red enhancement of the P state spectrum due to SE is generally somewhat smaller than in the fluorescence spectrum, [21] which is most likely due to overlap of the SE with some Chl excited state absorption (see Figure S4 of the Supporting Information for the development of the red SE signal) which partly compensates the negative-amplitude SE.
Proposed Quenching Mechanism
Comparison of the two investigated types of LHC II-from the npq1 and npq2 mutants of A. thaliana-revealed no significant differences in their behavior, both in terms of kinetics and TA spectra. In both LHC II types, the involvement of Chl to carotenoids energy transfer in the quenching can be excluded. It is clear that the P state in Figure 3 decays directly to the ground state of the system (ignoring the very small amount of triplet Chl formed) and only excited Chl states (showing GSB and SE in the visible range of the Qy transition) can explain the SADS of both model states. There exist no indications for the presence of further intermediates in our data. The relaxation of the S 1 state of Cars, particularly Lut, proceeds with a lifetime of about 10-15 ps both in solution [44] and when bound in LHC II. [34] A 200 ps transfer to the S 1 state followed by a 10 ps decay [20] would thus result in a 5 % relative population of the S 1 -excited Car. Considering that the difference molar absorption coefficient for the carotenoid S 1 -S n excited-state absorption (ESA) transition is very high (higher than the absorption coefficient of the Chl Q y transition and similarly high as the strong ground state absorption of Cars), the involvement of a Car S 1 state would be clearly revealed in the data already qualitatively by a rise term in the Car wavelength range that should have at least 5 % of the amplitude of the maximal Chl Q y bleaching signal. However, the transient absorption in the blue region is about two orders of magnitude lower than the Q y bleaching (< 10 À4 at 550 nm as compared to 10 À2 for the bleaching at 682 nm, Figures 2 C, D) and furthermore does not show any spectral features of a Car S 1 state absorption. On the basis of the fluorescence kinetics and the spectral properties of the two fluorescent states that appear newly in LHC II aggregates as compared to LHC II trimers, [21] we suggested that the quenching process in oligomeric LHC II is solely due to Chl-Chl interactions. It is important to note here that this kinetic model (Figures 3 C, D) describes not only the TA data presented here (Figures 3 A, B) but also the two Chllike fluorescence components of LHC II aggregates with reasonable fluorescence SAES [21] ). At the same time, the fluorescence data explicitly exclude the "slow/fast" model. [21] Thus the fast/slow model has much wider experimental support.
In our previous work, we intensely discussed the various possibilities for the assignment of the quenching state and came to the conclusion that it shows all the features of an emissive Chl exciton/CT state. [21] The SADS of Figure 3 appear to be in full agreement with such an interpretation. The actual quenching of the initially excited Chl* states of LHC II in this mechanism occurs in two steps: In the first fast step (4-8 ps) a Chl excited state is trapped to a state assigned a Chl/Chl CT character. Such CT states can have an enhanced coupling to the ground state, which can lead to rapid direct recombination to ground state on a slower time scale of a few hundred ps, with a very small percentage forming a Chl triplet and/or Car triplet state. The formal kinetic description of this model, requiring two types of fluorescing Chl states, is well supported by the data (Figure 3) . Furthermore, this is the only bi-exponential model that describes simultaneously the fluorescence and the TA kinetics while a model of energy transfer to a carotenoid S 1 state does neither describe the TA nor the fluorescence kinetics data. Note that both lifetimes show the signs of a pronounced distribution (Figure 2 ) which may indicate a heterogeneity in CT formation and decay kinetics in LHC II aggregates. Note that our present analysis averages both the kinetics and the spectra over this distribution since it is not possible to disentangle the closely overlapping lifetimes any further. It is possible that these distributions reflect some structural heterogeneity of the aggregates as has already been discussed in the corresponding fluorescence lifetime work. [21] Further work is necessary to provide final proof for the CT character of the intermediate state. Taking all present data into account we contend however that this remains the most likely assignment. A CT state could also explain well other previous data on LHC II oligomers, such as the spectrally broad low-temperature fluorescence emission above 700 nm [19, 21, 45] and the inefficiency of hole-burning in the long-wavelength absorption tail, [46] behavior that is also typical for the "red Chl" PSI antenna which has been assigned to a CT state on various grounds. [47, 48] We also note that the CT character of the quenching state in LHC II aggregates has been tested earlier with conflicting results: While Pieper et al. [46] found evidence in favor of a CT character of the low energy forms this was questioned by Palacios et al. [49] 
Conclusions
An important question and possible concern regarding the LHC II in vitro quenching model has been whether the quenching mechanism(s) operating in this system have any relevance for the in vivo NPQ quenching situation. This question has not been answered unequivocally so far. The results of this in vitro study lead to the conclusion that the quenching of the Chl singlet excitations in LHC II oligomers in vitro is neither dependent on Zx nor on energy transfer to any other Car (e.g. Lut1) but is solely a product of Chl-Chl interactions. This finding is at variance with the model of Ruban et al. involving the Lut1 S 1 state as an energy-transfer quencher. [20] We suggest that at present the most consistent interpretation of all available data is the formation of a fluorescent Chl/Chl CT state as intermediate in the quenching. Is this in vitro quenching mechanism also relevant for NPQ in vivo? We suggest, based on circumstantial evidence, that this is indeed the case. Our interpretation is supported by the long-wavelength-enhanced fluorescence emission component observed in LHC II oligomers. [21] An identical emission component that is strictly connected with NPQ conditions was discovered also in the ultrafast fluorescence kinetics of intact leaves of Arabidopsis. [21, 22] All of these findings make it very likely that a situation very similar to that found in LHC II oligomers is actually formed in vivo in the NPQ process. How this is actually achieved in vivo is still an open question. Possible mechanisms would be the development of new Chl-protein interactions during NPQ either intra-or intermolecularly which could give rise to the formation of a Chl CT state quenching. We note that in vivo, one of the two resolved quenching processes does not require the involvement of Zx, [22] just as the CT-state formation in LHC II in vitro does not appear to require Zx.
